Hydrated bilayers of phospholipid normally repel each other strongly, as a consequence of hydration repulsion arising from solvation of the polar head groups. When CaL+ ions are added to phosphatidylserine, however, the surface water that gives rise to the repulsive forces is completely displaced by the bound CaL+ and the phospholipid bilayers achieve molecular contact [ 1, 21. Caz+ In common with most cell types, erythrocytes do not exhibit spontaneous cell-fusion reactions. This would seem to be consistent with the topological distribution of phosphatidylserine in their plasma membranes, since the phospholipids in the outer leaflet of the human-erythrocyte plasma membrane are primarily phosphatidylcholine and sphingomyelin and the inner leaflet contains the acidic phospholipids [S] . It is therefore important to know if there is a requirement for phosphatidylserine to be on the outside surfaces of cells for cell fusion to occur and, in my laboratory, the human erythrocyte has been employed in work on this question. W e have investigated whether changes in phospholipid asymmetry occur in human erythrocytes that are induced to fuse artifically by two different protocols: (1) osmotic swelling in the presence of Ca'+ and (2) exposure of the cells to electrical-breakdown pulses in the presence of several different divalent cations.
Abbreviation used: PEG, poly(ethy1ene glycol)
Exposure of phosphatidylserine is associated with osmotically-induced cell fusion
In our initial work we investigated the fusion of human erythrocytes that occurs when monolayers of the cells are induced to swell in the presence of 10 mM Ca2+ by the entry of small molecules such as malonamide or small poly(ethy1ene glycol)s, for example, PEG 400. Under these conditions a proportion of the cells fuse before they lyse, whereas in the absence of Caz+, lysis occurs without any cell fusion 161. Exposure of phosphatidylserine on the outside of platelets [7, 81 and sickled erythrocytes [ 91 yields procoagulant surfaces that facilitate the conversion of prothrombin into thrombin. The catalytic potential of such surfaces has been considered to provide a semi-quantitative measure of the exposed phosphatidylserine [7, 81 . Using this assay we found that the cell fusion which accompanied cell swelling induced by the entry of small permeant molecules in the presence of CaL+ was associated with the exposure of phosphatidylserine in the outer leaflet of the plasma membrane of erythrocytes [ 101.
It has been observed now that the fusion of monolayers of human erythrocytes which accompanies cell swelling induced by the entry of malonamide or of PEG 300 is preceded by hemi-fusion (that is, membrane fusion without cytoplasmic fusion). This was demonstrated by the rapid movement of a fluorescent membrane probe (carbocyanine) from unlabelled to labelled cells [ 111.
Unlike complete cell fusion, hemi-fusion occurred both in the presence and in the absence of added Caz+, but was inhibited by the addition of 10 mM EGTA. W e also found that hemi-fusion (and hence complete fusion) in these experiments was prevented strikingly by pre-incubation of the cell Volume 21 monolayers with 20 mM ethanolamine. The inhibitory action of ethanolamine on hemi-fusion was not overcome by Ca2+ (20 mM).
A series of simple, membrane-permeable compounds containing a primary alcohol and a primary amine group also inhibited hemi-fusion. Thus 2-amino-1 -butanol, 4-amino-1 -butanol, &amino-1 -hexanol and neurine (trimethylethynyl ammonium hydroxide) were all inhibitory, provided that they were present before and during cell swelling. It seems possible that the inhibitory compounds act inside the cells, however, since ethanolamine inhibited hemi-fusion even when it was present only before cell swelling. In control experiments, glycerol, ethylene glycol and urea, which also entered the erythrocytes, did not inhibit hemifusion. No evidence was found for any effect of ethanolamine on endogenous enzymes.
As there appeared to be no biochemical explanation for the action of ethanolamine, we investigated the possibility of a physical explanation. In this connection it is interesting that it has been concluded, from an n.m.r. study of the interactions of phloretin with bilayers of phosphatidylcholine, that the effective dipole moment at the phospholipid surface is altered by phloretin [12] . This phenomenon was thought to involve a reorientation of the -P-N+ dipole and (at least at low water concentrations) the replacement of water molecules in the head-group region by phloretin and it was suggested that hydrogen-bond formation between the phospholipid phosphate and the phloretin hydroxyl groups might be important. It is not known how the entry of CaL+ allows phosphatidylserine to move to the outer leaflet of human erythrocytes, where it can facilitate cell fusion. However it is conceivable that if phosphatidylserine were to bind to ethanolamine instead of to Ca2+, the phospholipid might not be able to move to the outer leaflet. We have therefore investigated the possible binding of ethanolamine to monolayers of phosphatidylserine at the air-water interface, in collaboration with Dr €3. Maggio (Virginia Commonwealth University). For references to the techniques and equipment used, see [13] .
Interactions between surface monolayers of phospholipids and ethanolamine
Monolayers of phosphatidylserine at an air-water interface are known to be condensed by adding Ca2+ ions, resulting in a decrease in surface pressure and an increase in surface potential [14] . Ethanolamine (20 mM), by contrast, caused a marked increase in the surface pressure and a marked decrease in the surface potential of monolayers of phosphatidylserine (investigated at initial pressures of 10-40 nM.m-'). Adding 20 mM CaL+ to a monolayer of phosphatidylserine (after its interaction with 20 mM ethanolamine at an initial pressure of 30 mN . m-') resulted in a small decrease in pressure and a small increase in potential. However Ca'+ could not restore either of the two surface parameters to the values which were observed before the addition of ethanolamine. On the other hand when 20 mM ethanolamine was added to a monolayer of phosphatidylserine (after its interaction with 20 mM Ca2+ at an initial pressure of 30 mN. m-I), it significantly reversed the actions of CaL+. Consequently there was a significant increase in surface pressure overall and a marked decrease in surface potential overall, by the end of the experiment.
Ethanolamine had no effect on monolayers of phosphatidylserine below pH 2 or above pH 9.5
and it had no effect at all on comparable monolayers of phosphatidylcholine. The addition of urea or glycerol (200 mM) to monolayers of phosphatidylserine had no effect on the surface pressure or surface potential of the phospholipid. These findings indicate that there are strong ion-dipole interactions between ethanolamine and phosphatidylserine. They also indicate that ethanolamine may prevent the hemi-fusion of human erythrocytes in the system described above, by binding to phosphatidylserine in the inner leaflet of the plasma membrane and thus preventing it from translocating to the outer leaflet.
Phospholipid asymmetry in electrically-induced cell fusion
Some years ago it was reported that the asymmetric distribution of phosphatidylethanolamine in the plasma membrane of human erythrocytes was completely lost in ghosts prepared by colloid-osmotic lysis, after electric breakdown and resealing. Phosphatidylserine was much less affected, however [ ls]. More recently it was observed that electric-field pulses induce the formation of a 'long-lived fusogenic state' [ 161 or 'transient permeant structures ' [17] that enable cell fusion to occur when contact between cells is established after they have been subjected to field pulses. Since changes in the phospholipid asymmetry of plasma membranes might contribute to such states or structures [ 181, we employed the prothrombinase assay to investigate possible relationships between the surface exposure of acidic phospholipids and cell fusion in human erythrocytes subjected to electrical breakdown [ 191. In our experiments breakdown pulses of 2-5 ps caused a marked loss of phospholipid asymmetry, but no cell fusion was observed unless the pulse length was at least 20 ps. A loss of phospholipid asymmetry in the plasma membrane was not sufficient therefore to induce fusion. However approximately parallel increases in the surface exposure of acidic phospholipids and cell fusion were observed with breakdown pulses of 99 ps. It appeared probable therefore that exposure of acidic phospholipids at the cell surface facilitates the process of electrofusion, but that fusion cannot occur in the absence of other events, for example, the development of structural defects in the phospholipid bilayer. Our observations were also considered to be consistent with the idea that the surface exposure of acidic phospholipids is one of the factors that contribute to the 'long-lived fusogenic state' induced by exposing erythrocytes to electrical-breakdown pulses.
Relatively recently it was reported that the prothrombinase assay, which we employed in our experiments, is able to detect phosphatidylethanolamine almost as well as it detects phosphatidylserine in mixtures with phosphatidylcholine [20] . We therefore investigated further the specificity of the prothrombinase assay with phospholipid vesicles. Since the prothrombinase activity can be greatly affected by the reaction conditions, phospholipid vesicles were assayed under the conditions that were employed in our previous work with erythrocytes subjected to electrical breakdown, that is in 250 mM sucrose solution containing 10 mM histidine [19] . It was observed that bovinebrain phosphatidylserine was many orders of magnitude more effective in catalysing the conversion of prothrombin to thrombin than either dioleoylphosphatidylethanolamine or egg phosphatidylcholine (Table 1) . Phosphatidylethanolamine appeared to be marginally more active in the presence of phosphatidylserine than in its absence. It thus appears that the enhanced procoagulant activity seen with human erythrocytes after electrical breakdown, under the conditions of our experiments, is specifically attributable to exposure of phosphatidylserine at the cell surface. In the light of this conclusion, we have proceeded to characterize the factors that govern cell lysis and cell fusion in human erythocytes exposed to electrical-breakdown pulses.
The ability of divalent cations to protect human erythrocytes, in 250 mM sucrose solutions, against haemolysis by electrical breakdown was Table I Specificity of prothrombinase assay for phosphatidylserine
The percentage prothrombinase activity was determined as described for phospholipid vesicles that were suspended, at a final concentration of 2 5 pglml, in a solution of 250 mM sucrose containing 10 mM histidine and I I mM CaCI, found to decrease progressively in the order
experiments with sucrose solutions of the same conductivity (235 pS*cm-'), but which contained Na+, K + , (2.1 mM) or A13+ (0.95 mM) ions, about 99% of the cells lysed immediately on electrical breakdown.
The number of fused cells in the pearl chains, which were formed when the erythrocytes were exposed to breakdown pulses, was greatest in the presence of MnL + and decreased progressively with Ba2+, Ca'+ and M&+. This decreasing effectiveness is inversely related to previously reported data on (1) the threshold concentrations of cations required to induce the fusion of 500 A diameter vesicles of phosphatidylserine and (2) the concentrations of cations needed to increase the interfacial tension in monolayer membranes of phosphatidylserine by 6-8 x lo-' Nscm-l [21] . Erythrocytes that were subjected to electrical breakdown in 250 mM sucrose solutions which contained Na', K + (2.1 mM) or A13+ (0.95 mM) ions (conductivity 235 pS-cm-') were unable to form pearl chains. In this connection it is relevant that up to 1 M concentrations of Na+ and K + also failed to induce the fusion of small unilamellar vesicles of phosphatidylserine or to increase the interfacial tension in monolayer membranes of phosphatidylserine [21] .
These data show that there is a general relationship between protection against haemolysis by cations and the formation of chains of fused cells in the presence of these ions. Thus Mn2+ was most effective in protecting the cells against electricallyinduced lysis and in facilitating the formation of chains of erythrocytes, while Mgz+ was the least
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Volume 21 effective on both counts. CaZ+ and BaL+ were intermediate between Mn2+ and M&+, although not in the same order. Na+, K + and A13+ gave virtually no protection against haemolysis and the cells were not fused by electrical-breakdown pulses. How does CaL+ simultaneously facilitate cell fusion and inhibit lysis with erythrocytes subjected either to electricalbreakdown pulses or to colloidal-osmotic swelling? It is proposed that these relationships may result from the ability of cations like Ca2+ and Mn2+ to interact with phosphatidylserine that is exposed at the cell surface in the two cell-fusion protocols.
The ability of CaL+ to form a bridge between phosphatidylserine that is exposed on the surfaces of adjacent erythrocytes would be expected to facilitate the close approach of closely-apposed membranes that is necessary for cell fusion [ 10, 191 much more effectively than Mg" [3, 41. Calf ions are also known to stimulate the resealing of lysed human erythrocytes by stimulating the contraction of osmotically-induced holes in the plasma membrane. In this respect also the potency of Calf was found to exceed that of MgL+, which greatly surpassed that of Na+ and it was suggested that CaL+ facilitated the resealing of osmotically-lysed erythrocytes by stoichiometric binding to (unspecitied) anionic groups on the membrane [ZZ] . It is therefore proposed that Ca' + interacts with phosphatidylserine at the cell surface of erythrocytes to facilitate membrane resealing, following electrical breakdown or colloid-osmotic cell swelling, thereby stabilizing the cells and allowing them to fuse. 
